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cortex are rather thought to perform serial order representation 
(Marshuetz et al., 2006) as well as short-term recall of old infor-
mation and the short-term storage of new information (Chatham 
et al., 2011).
Working memory and age-related changes
A decline in working memory is well documented with increas-
ing age (Hasher and Zacks, 1988; Babcock and Salthouse, 1990; Li 
et al., 2001). Such decline has been shown with different paradigms 
like the delayed recognition task (Gazzaley et al., 2005) or the so 
called n-back task where a currently presented stimulus should be 
compared with previously presented stimuli (Nyberg et al., 2009; 
Schmiedek et al., 2009).
An age-related degradation of the neural substrate is pro-
nounced in the frontal lobe (West, 1996; Raz et al., 1998) and 
may be related to the decline in working memory performance. 
However, the mechanisms of the age-related decline in work-
ing memory performance are not yet fully understood. A widely 
accepted hypothesis is an age-related deficit in filtering or suppress-
ing irrelevant information which may in turn strain the limited 
capacity of working memory and reduce performance (Hasher and 
Zacks, 1988; Gazzaley et al., 2005). Related to this, it is well possible 
that the manipulation of information in working memory, a sub-
process which is supported by frontal lobe brain areas (Fletcher 
and Henson, 2001), may be deficient with increasing age (Dobbs 
introduction
Working memory can be seen as a mental buffer for temporal 
information retrieval from long-term memory, temporal stor-
age of new information, and manipulation of this information 
in service of ongoing mental tasks. Thus, it is essential for men-
tal performance and may subserve higher cognitive abilities like 
planning or reasoning (Hasher and Zacks, 1988). In one classi-
cal model by Baddeley working memory consists of at least three 
sub-processes, a central executive or attentional control system, 
a sketch pad for manipulation of information, and a storage and 
rehearsal component (Baddeley, 1992). Neuroimaging data indicate 
further sub-processes like manipulation or retrieval of information 
(Smith et al., 1998), which can be roughly integrated in the three 
sub-processes of Baddeley (1992).
It is widely accepted that working memory processes are sup-
ported at least by frontal and parietal brain areas (Missonnier et al., 
2003; Chatham et al., 2011). Insight from neuroimaging studies 
suggest a differentiation of specific working memory functions in 
the respective brain areas: maintenance and rehearsal of informa-
tion may be rather supported by the ventro-lateral frontal cortex 
(Fletcher and Henson, 2001) whereas manipulation of informa-
tion in working memory is related to the dorsolateral frontal cor-
tex (Smith et al., 1998; Fletcher and Henson, 2001) but possibly 
also to the superior parietal cortex (Koenigs et al., 2009). Parietal 
brain areas as, e.g., the intraparietal sulcus and posterior parietal 
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and Rule, 1989). It is less clear if age-related differences in  processes 
which are supported by  parietal areas may also contribute to age-
related differences in working memory performance. For example, 
Missonnier et al. (2004) discussed an inefficient recruitment of 
parietal neural resources to explain an age-related decline in work-
ing memory performance.
Against the background of the age-related frontal lobe degrada-
tion one may rather expect reduced activation of frontal lobe brain 
areas during high working memory load. However, several studies 
reported even increased activation of bilateral frontal lobe areas 
in older vs. young participants during working memory tasks as 
measured with neuroimaging methods (Reuter-Lorenz et al., 2000; 
Mattay et al., 2006). As such bilateral vs. unilateral frontal lobe 
activation in older participants was rather found for good vs. bad 
performers, it is usually interpreted as a compensatory mechanism 
(Reuter-Lorenz et al., 2001).
the present study
Although frontal lobe changes already start after the third decade 
(Salat et al., 1999), it is unclear when these neural changes have 
an impact on functional processes and become evident in overt 
performance, e.g., in tasks with high working memory demands. 
Therefore, in the present study we aimed to investigate if a func-
tional decline in working memory can be already observed in mid-
dle-aged participants (i.e., between 40 and 65). This bears practical 
relevance because middle-aged participants are normally still active 
in working life. To this aim, we recruited young and middle-aged 
participants. They had to perform two tasks with low and high 
working memory load: a simple two-choice task and a 2-back task 
which induces a high working memory load. Here, the participants 
were asked to press one button to a stimulus if it corresponded to 
the stimulus in the last but one trial, requiring a continuous update 
of the memory content and comparing it with the stored one. 
During task performance the electroencephalogram (EEG) was 
recorded in order to calculate event-related potentials (ERPs) and 
more specifically the P300 as a measure of attentional and work-
ing memory processes (Polich, 2007) and to assess the source of 
potential differences in the P300 using sLORETA (Pascual-Marqui, 
2002). According to the view of Polich (2007) the P300 (as a gen-
eral labeling of this potential1) may be divided at least into two 
subcomponents, the more frontally distributed P3a and the more 
parietal distributed P3b. The P3a is thought to reflect the processing 
of novel stimuli as well as attentional and working memory pro-
cesses and is supported by frontal brain areas. The P3b may reflect 
memory-related storage operations which are engaged by frontal 
attention and working memory processes and which are supported 
by temporal–parietal brain areas (Polich, 2007). The P3b was found 
to be generally reduced with increasing age (Friedman et al., 1997). 
In addition, the potential comprises a more frontal topography in 
older participants which was interpreted as the involvement of 
frontal brain areas for stimuli which should have been already well 
encoded (Friedman et al., 1997).
We expect generally slower response times (RT) in the 
 middle-aged compared to the young participants (Wild-Wall 
and Falkenstein, 2010). In addition, we expect especially lower 
performance for the middle-aged participants under high work-
ing memory load, i.e., in the 2-back compared to the control 
task. This decline in performance may be also reflected in a lower 
amplitude of the P3b which should be especially pronounced in 
the 2-back task. As the 2-back task measures an online updat-
ing of ongoing events and the matching with the recently stored 
event, comparable processes may be involved in target as well 
as in non-target trials. In fact, the brain activity of non-target 
trials immediately preceding target trials may indicate more or 
less efficient online control and matching processes and thus, 
may be related to the success of detecting the following target. 
Therefore, we also examined the P300 in the non-target trials 
which directly preceded detected or missed targets in the 2-back 
task. We expect age-related differences in the brain activity to be 
apparent also in these non-target trials preceding targets. Possibly, 
the age-related differences may depend on the correctness of the 
following target trial.
Depending on the scalp focus of possible age-related dif-
ferences in the P300 amplitude it may be possible to pinpoint 
specific sub-processes which may be compromised in the mid-
dle-aged participants under high working memory load. If also 
the frontally distributed P3a is decreased for the middle-aged vs. 
young participants, this may point to a decline in sub-processes 
of working memory which are supported by the frontal lobe. 
If, on the other hand, the P3a may be even increased in the 
middle-aged vs. young participants, this may suggest compensa-
tory mechanisms as was, e.g., discussed by Reuter-Lorenz et al. 
(2001).
materials and methods
participants
For the study, 90 healthy male participants were recruited from two 
age groups, two of them were left-handed. In the middle-aged group 
the participants had a mean age of 51 years (48–59 years; n = 46). 
The young group (n = 44) had a mean age of 22 years (19–31 years). 
All participants had normal or corrected-to-normal vision and gave 
informed consent prior to participation of the study. They received 
a payment for their participation.
design and tasks
The stimulus material of both tasks consisted of 25 capi-
tal letters from the alphabet which were presented in white 
on a dark gray computer screen. The size of the stimuli was 
12 mm × 18 mm (width and height) which corresponds to a 
viewing angle of 1.2° and 1.7° at a viewing distance of 60 cm. 
In the two-choice (or 0-back) task 196 and in the 2-back task 
388 trials were presented consisting of 20% target letters and 
80% non-target letters. In the two-choice task the participants 
were instructed to press the left button for the non-target let-
ters and the right button for the target letters X. In the 2-back 
task the participants were instructed to press the right button 
if the current letter matches the letter which was presented two 
trials before (target) and the left button whenever the letters 
do not match (non-target).
1Subsequently, we use the notation P3a whenever an effect is focused on more 
frontal electrode sites, we use P3b whenever the effect is focused on more parietal 
electrodes. We use the general notation P300 whenever the effect does not have any 
specific focus on the sagittal plane.
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electric potentials with the assumption that neighboring voxels have a 
 maximal similar electrical activity. The voxel-based sLORETA images 
were first computed for each individual averaged ERP in the interval 
from 350 to 450 ms surrounding about the P300 peak in the non-target 
trials for both groups. Then, two comparisons were calculated which 
were based on the results of the previous analysis of the P300 in the 
non-target trials preceding the targets: (a) the sLORETA images of the 
non-target condition before correct targets were statistically compared 
between groups and (b) the sLORETA images of the non-target condi-
tion before correct and before missed targets. The sLORETA voxelwise 
randomization test (5000 permutations) which is based on statistical 
non-parametric mapping (SnPM) and implemented in sLORETA was 
used for comparison. For each analysis, one single test was carried out 
for an average of all time frames in the critical interval. The tests were 
corrected for multiple comparisons (Holmes et al., 1996).
results
performance
Low working memory load (two-choice task)
The performance data of the task are summarized in Table 1. 
The RTs were faster to the non-targets (336 ms) than to the tar-
gets [398 ms; F(1,88) = 279.3, p < 0.001]. In addition, the mid-
dle-aged participants showed slower RTs than the young group 
[390 vs. 344 ms: F(1,88) = 25.5, p < 0.001]. Error rates to tar-
gets (misses: 9.1%) were higher than to non-targets [false alarms: 
0.7%; F(1,88) = 171.5, p < 0.001]. In addition, the middle-aged 
participants committed generally less errors (3.1%) than the young 
group [6.7%; F(1,88) = 27.6, p < 0.001]. The two main effects were 
qualified by an interaction of trial-type and group [F(1,88) = 22.6, 
p < 0.001]. However, post hoc tests revealed that the middle-aged 
participants showed lower error rates for both, misses [5.8 vs. 
12.6%; F(1,88) = 25.6, p < 0.001] as well as for false alarms to non-
targets [0.4 vs. 1.0%; F(1,88) = 8.4, p < 0.01] than the young group.
The IE were higher (i.e., lower performance) for the targets 
(442 ms) than for the non-targets [339 ms; F(1,88) = 274.7, 
p < 0.001]. A main effect of group [F(1,88) = 6.9, p = 0.01] was 
qualified by an interaction with trial-type [F(1,88) = 7.8, p < 0.01]: 
the middle-aged vs. young participants showed lower perfor-
mance (i.e., higher IE) for the non-target stimuli [361 vs. 315 ms: 
F(1,88) = 30.2, p < 0.001] but comparable performance for the 
target condition (447 vs. 436 ms: F < 1).
High working memory load (2-back task)
Analysis of the RTs in the 2-back task (see Table 1 for a summary of 
performance) yielded two significant main effects with slower RTs 
for targets than for non-targets [545 vs. 395 ms; F(1,88) = 151.8, 
p < 0.001] as well as for the middle-aged than for the young group 
[463 vs. 387 ms; F(1,88) = 24.9, p < 0.001]. For error rates there 
was only a main effect of trial-type with more errors committed in 
the target condition (31%) than in the non-target condition [2.7%; 
F(1,88) = 333.1, p < 0.001]. No other effect reached significance 
(Fs < 1).
The IE in the 2-back task was higher (i.e., lower performance) 
in the target (705 ms) than in the non-target condition [407 ms; 
F(1,88) = 146.4, p < 0.001] as well as for the middle-aged group 
(615 ms) than for the young group [495 ms; F(1,88) = 15.8, 
p < 0.001]. The interaction did not reach significance.
erp recordings
The EEG was recorded continuously from 32 active scalp elec-
trodes according to the extended 10-20 system (Pivik et al., 1993) 
which were mounted into an elastic cap. The montage included 
eight midline sites and 12 sites on each hemisphere. Alongside the 
EOG was recorded from electrodes placed above and below both 
eyes (vEOG) and next to the outer canti (hEOG). The signals were 
sampled and amplified with 2048 Hz. The amplifier bandpass was 
0.01–140 Hz. Electrode impedance was kept below 10 kΩ.
data analysis
In both tasks, all trials with incorrect responses and trials which 
were faster than 100 ms or slower than 2000 ms were excluded from 
analysis of the RT and ERPs. For each task and participant, mean RTs, 
and error rates were calculated for the target as well as the non-target 
conditions. RTs and error rates were subjected to ANOVAs including 
the within-factor trial-type (target, non-target) and the between-
factor group (middle-aged, young). In addition, a performance 
index – the inverse efficiency (IE) was calculated for each condition 
and participant by dividing the RT by the rate of correct responses 
(Townsend and Ashby, 1983). The IE (expressed in ms) provides 
a combined measure of RT and errors and therefore accounts for 
a possible tradeoff between speed and accuracy especially in the 
middle-aged group. The inverse efficiencies (IE) of both tasks were 
also subjected to ANOVAs including the factors trial-type and group.
Offline, the EEG was downsampled to 1000 Hz and cut into 
epochs of 1400 ms length corresponding to 100 ms before and 
1300 ms after stimulus onset. Eye movements were corrected using 
the method described by Gratton et al. (1983). Epochs with absolute 
amplitudes above 200 μV and with voltage steps of more than 80 μV 
between sampling points were rejected as artifacts. For each task, 
participant and electrode the epochs including correct responses 
were averaged according to trial-type (target vs. non-target) with a 
pre-stimulus baseline of 100 ms. Additionally, the epochs of correct 
non-target trials in the 2-back task which directly preceded target 
trials were sorted according to the correctness of the following 
target trial and averaged for each participant and electrode. In other 
words, the P300 in trial n − 1 was analyzed as a function of correct 
or incorrect targets in trial n.
The amplitude of the P300 potential was quantified at selected 
electrodes (FC3, FCz, FC4, C3, Cz, C4, CP3, CPz, CP4, P3, Pz, P4) 
in the average ERPs for each task, participant and condition as the 
maximal peak in the time interval from 300 to 600 ms after stimulus 
onset. For each task the P300 was first analyzed with an ANOVA 
including the within-factors trial-type (target, non-target), sagittal 
row (FC, C, CP, P), laterality (left, midline, right electrodes) and 
the between-factor group (middle-aged, young).
Only for the 2-back task a more confined analysis of the non-target 
trials directly preceding targets was conducted including the within-
factors sagittal row, laterality, correctness of the following target (fol-
lowing target correct or incorrect), and the between-factor group. 
The underlying sources of possible amplitude differences between 
conditions or groups were further analyzed with sLORETA (Pascual-
Marqui, 2002). This program estimates the sources of activation on 
the basis of standardized current density at each of 6239 voxels in the 
gray matter of the MNI-reference brain with a spatial resolution of 
5 mm. The calculation is based upon a linear weighted sum of the scalp 
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In summary, in the task with low working memory load, the 
main age-related P300 result in a selective parietal attenuation in 
the less frequent target trials for the middle-aged compared to the 
young group.
High working memory load (2-back task)
The P300 in the 2-back task (Figure 2) was generally higher 
for targets (14.7 μV) than non-targets [8.1 μV; F(1,88) = 201.7, 
p < 0.001] as well as for the younger (12.6 μV) than for the mid-
dle-aged group [10.3 μV; F(1,88) = 5.2, p < 0.05]. The main effect 
of sagittal row was significant [F(3,264) = 28.6, p < 0.001]: lowest 
P300 amplitudes were found at the fronto-central row (10.4 μV), 
highest amplitudes at the centro-parietal row (12.1 μV), and 
intermediate amplitudes at the central and parietal rows which 
did not differ significantly [11.7 and 11.5 μV; F < 1; all other 
Fs(1,88) > 11.8, all other ps < 0.001]. The significant main effect 
of sagittal row was further qualified by an interaction with the 
factor group [F(3,264) = 18.2, p < 0.001]: the groups did not dif-
fer in P300 amplitude at the fronto-central (F < 1) and central 
row [F(1,88) = 3.5, p = 0.065] but amplitudes were significantly 
higher for the young vs. middle-aged group at the centro-pari-
etal (13.5 vs. 10.7 μV) and parietal row [13.3 vs. 9.8 μV; both 
Fs(1,88) > 7.9, ps < 0.01]. In addition, whereas the middle-aged 
group showed a central to centro-parietal (10.6/10.7 μV) maxi-
mum of the P300 with lower amplitudes at fronto-central and 
parietal sites [10.0/9.8 μV; all Fs(1,45) > 8.0, all ps < 0.01], the 
young group showed a clear centro-parietal to parietal maxi-
mum of the P300 (13.5/13.3 μV) with lower amplitudes at the 
fronto-central and central row [10.8/12.7 μV; all Fs(1,43) > 18.3, 
all ps < 0.001].
erp results (p300)
Low working memory load (two-choice task)
The ANOVA (see Figure 1) revealed a main effect of sagittal row 
[F(3,264) = 45.5, p < 0.001] with highest amplitudes of the P300 at 
centro-parietal (15.8 μV) when compared to fronto-central, central, 
or parietal electrodes (13.4/15.2/15.0 μV) with the central row being 
also significantly higher in amplitude than the fronto-central or 
parietal row [all Fs(1,88) > 17.3, all ps < 0.001]. In addition, the 
P300 showed a midline and right topography [main effect of later-
ality: F(2,176) = 126.6, p < 0.001] with highest amplitudes at mid-
line electrodes (16.4 μV), lower amplitudes at the right (15.1 μV) 
and even lower ones at the left side [13.3 μV; all Fs(1,88) > 49.8, 
both ps < 0.001]. The P300 amplitude to targets (18.7 μV) was 
higher than to non-targets [main effect of trial-type; 11.0 μV; 
F(1,88) = 378.6, p < 0.001].
There were two two-way interactions of sagittal row × group 
[F(3,264) = 11.8, p < 0.001] and of target condition × sagittal row 
[F(3,264) = 27.8, p < 0.001] which were qualified by a three-way 
interaction of trial-type × sagittal row × group [F(3,264) = 5.8, 
p < 0.01]. For the non-target condition the P300 amplitude was 
comparable between groups at all sagittal rows. In contrast, for 
the target condition, the P300 amplitude was higher in the young 
compared to the middle-aged group at the centro-parietal (21.5 vs. 
18.5 μV) and the parietal row [20.9 vs. 17.4 μV; both Fs(1,88) > 5.2, 
both ps < 0.05]. In addition, for the young group the P300 at the 
fronto-central row was generally smaller than at central to parietal 
electrode sites [all Fs(1,43) > 14.7, all ps < 0.001]. For the middle-
aged participants the P300 showed a central and centro-parietal 
maximum and smaller amplitudes at fronto-central as well as pari-
etal electrode sites [all Fs(1,45) > 11.8, all ps < 0.01].
Table 1 | Performance data of the middle-aged and the young group in the two-choice task (upper panel) and the 2-back task (lower panel).
 Middle-aged group Young group
Two-choice TasK
Response times – overall (ms) 390 344 p < 0.001
Response times – targets (ms) 420 (52.9) 376 (51.7) n.s/p < 0.10
Response times – non-targets (ms) 360 (43.2) 312 (35.6) n.s/p < 0.10
Error% – overall 3,1 6,7 p < 0.001
Error% – targets 5.8 (4.9) 12.6 (7.5) p < 0.001
Error% – non-targets 0.4 (0.6) 1.0 (1.2) p < 0.01
Inverse efficiencies – overall (ms) 404 375 p < 0.01
Inverse efficiencies – targets (ms) 447 (57.8) 436 (87.4) n.s/p < 0.10
Inverse efficiencies – non-targets (ms) 361 (42.5) 315 (36.2) p < 0.001
2-bacK TasK
Response times – overall (ms) 463 387 p < 0.001
Response times – targets (ms) 494 (83.5) 416 (76.9) p < 0.001
Response times – non-targets (ms) 433 (73.9) 358 (67.7) p < 0.001
Error% – overall 17.5 16.2 n.s/p < 0.10
Error% – targets 32.1 (17.0) 29.9 (13.5) n.s/p < 0.10
Error% – non-targets 2.9 (2.0) 2.4 (2.2) n.s/p < 0.10
Inverse efficiencies – overall (ms) 615 495 p < 0.001
Inverse efficiencies – targets (ms) 785 (290.0) 623 (199.5) p < 0.001
Inverse efficiencies – non-targets (ms) 446 (78.1) 367 (69.6) p < 0.001
The SDs are given in parentheses. The significance levels of group differences are indicated in the last column.
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participants in target but not in non-target trials. This effect in 
target trials, however, applies to the parietal as well as to the fronto-
central P300. In addition and in contrast to the two-choice task, 
characteristic differences of the P300 topography between groups 
were evident also in non-target trials especially at right localized 
electrodes.
Analysis of the non-target trials directly preceding target trials
The more confined analysis of the P300 in non-target trials which 
directly preceded target trials (see Figure 3) showed a main effect 
of sagittal row [F(3,264) = 10.8, p < 0.001] with higher P300 ampli-
tudes at the central and centro-parietal row (9.7 and 9.9 μV) when 
compared to both, the fronto-central (8.8 μV) and the parietal row 
[9.3 μV; both Fs(1,88) > 19.6, both ps < 0.001]. The main effect of 
sagittal row interacted significantly with group [F(3,264) = 14.9, 
p < 0.001]. Whereas for the young group the P300 showed a parietal 
maximum with higher amplitudes at the central, centro-parietal, 
and parietal rows (9.6/10.2/9.9 μV) when compared to the fronto-
central row [8.2 μV, all Fs(1,43) > 8.1, all ps < 0.007] the middle-
aged group showed higher amplitudes at the central row (9.9 μV) 
compared to all other rows [9.4/9.5/8.6 μV; all Fs(1,45) > 5.5, all 
ps < 0.023].
An interaction of laterality × group [F(2,176) = 7.5, p < 0.001] 
revealed that the P300 in the middle-aged group was higher at the 
midline (10.0 μV) when compared to left or right lateralized elec-
trodes [9.2/8.8 μV; both Fs(1,45) > 16.6, both ps < 0.001]. For the 
The interaction between the factors trial-type and group was 
significant [F(1,88) = 25.2, p < 0.001]: whereas the amplitude dif-
fered significantly between groups for the target condition [young: 
17.0 μV, middle-aged: 12.4 μV; F(1,88) = 11.3, p < 0.001], the P300 
amplitudes were comparable between groups in the non-target 
condition (both groups 8.2 μV; F < 1).
The P300 showed generally a central to right lateralized topog-
raphy [F(2,176) = 90.5, p < 0.001] with highest amplitudes at the 
midline (12.3 μV), lower ones at the right side (11.6 μV) and lowest 
amplitudes at the left side [10.3 μV; all Fs(1,88) > 22.3, all ps < 0.001]. 
Importantly, this main effect of laterality was qualified by a three-
way interaction of trial-type × laterality × group [F(2,176) = 5.1, 
p < 0.01]. For young participants the P300 to non-targets was lower 
at left electrodes (7.6 μV) when compared to central and right elec-
trodes [8.3 and 8.5 μV; both Fs(1,43) > 13.3, both ps < 0.001]. For 
the middle-aged participants, however, lower P300 amplitudes were 
found at left and right electrodes (8.1 and 7.7 μV) when compared 
to central electrodes [8.7 μV; both Fs(1,45) > 15.1, both ps < 0.001]. 
The P300 amplitude to targets showed a pattern left < right < cen-
tral pattern for the young participants [14.9 < 17.6 < 18.5 μV; all 
Fs(1,43) > 11.2, all ps < 0.002]. This pattern was almost comparable 
for the middle-aged group: left < central = right [10.7, 13.5 and 
13.0 μV; both Fs(1,45) > 69.7, both ps < 0.001].
In summary, the frontal shift of the P300 was again observed in 
middle-aged participants. Similar to the data pattern in the two-
choice task, the P300 was less positive in middle-aged than young 
Figure 1 | P300 potential at selected electrode sites for the two-choice task (low working memory load) separately for the young (black lines) and 
middle-aged group (gray lines) as well to target (solid lines) and non-target stimuli (dashed lines).
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correctly vs. missed targets only for the young group when com-
paring the activation in these trials only for this group, there is 
significantly higher activation in the posterior cingulum and the 
right insula in trials preceding correct targets than in those non-
target trials preceding missed targets (Figure 6; for statistics see 
Table 2; Figure 3B).
In summary, in trials preceding a target stimulus, the P300 dif-
ferentiates between detected and not-detected targets in the follow-
ing trial in young but not in middle-aged participants. This pattern 
was supported by sLORETA that indicates higher activation in the 
posterior cingulum and the right insula for correctly detected than 
missing targets in young persons. Most importantly, the P300 in 
the non-target trials preceding a detected target was significantly 
attenuated for the middle-aged compared to the young group at 
right lateralized electrodes. This difference may be explained by 
lower activation of the middle-aged vs. young group in frontal and 
parietal brain areas which support working memory. Finally, there 
were significant correlations between the P300 amplitude and IE 
which suggest that the P300 is a reliable index of overt performance.
discussion
performance and general results
In the present study we ask whether an age-related decline under high 
working memory load can be already observed in middle-aged partici-
pants. We additionally aimed to investigate the underlying processes 
of a possible decline. Furthermore, the present study  complements 
young group the P300 was lower at left electrodes (8.8 μV) when 
compared to the midline and right electrodes [10.0/9.6 μV; both 
Fs(1,43) > 12.7, both ps < 0.001]. Importantly, a main effect of cor-
rectness [F(1,88) = 9.4, p < 0.01] and a further interaction of cor-
rectness × group [F(1,88) = 10.6, p < 0.01] was due to significantly 
higher P300 amplitudes for trials preceding correct vs. incorrect 
targets only for the young group [10.5 vs. 8.5 μV; F(1,43) = 14.3, 
p < 0.001] but not for the older group (9.3 vs. 9.4 μV; F < 1).
There was a three-way interaction of laterality × correct-
ness × group [F(2,176) = 7.9, p < 0.001]. This was mainly due to 
significantly higher P300 amplitudes for the young compared to 
the older group only in non-target trials preceding correct targets 
at right electrode positions [10.7 vs. 8.6 μV; F(1,88) = 4.9, p < 0.05].
Exploratory correlations of the P300 amplitudes (at CP4) in 
non-target trials directly preceding correct targets with the IE to 
targets in the 2-back task revealed significant correlations for the 
middle-aged (r = −0.33, p < 0.05) as well as for the young group 
(r = −0.43, p < 0.01); in other words, the higher the P300 amplitude 
at right parietal sites the better the performance in the 2-back task 
(see Figure 4).
The sLORETA analysis of non-target trials preceding correct 
target trials revealed higher activation for the young compared 
to the older group in bilateral medial/inferior frontal areas, right 
middle frontal areas, right inferior parietal areas as well as in the 
cingulum (Figure 5; for statistics see Table 2). The analysis revealed 
a difference in the P300 amplitude for non-target trials before 
Figure 2 | P300 potential at selected electrode sites for the 2-back task (high working memory load) separately for the young (black lines) and middle-
aged group (gray lines) as well to target (solid lines) and non-target stimuli (dashed lines).
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lower for the middle-aged than the young participants in the easy 
two-choice task and similar in both groups in the 2-back task. 
Importantly, the analysis of the IE as an integrative index of per-
formance showed no group effect, suggesting that the performance 
differences between groups in the easy two-choice task can be 
explained by a speed–accuracy tradeoff, that is, higher RTs and 
other studies (Missonnier et al., 2003, 2004; Mattay et al., 2006; Nyberg 
et al., 2009) because we also examined the processes in non-target 
trials in relation to the performance in the target trials.
As expected, the middle-aged participants showed generally 
slower RTs than the young participants, reflecting the well known 
age-related slowing (Salthouse, 2000). However, error rates were 
Figure 3 | (a) P300 in the 2-back task at selected electrodes for the 
middle-aged (gray lines) and young group (black lines) to correctly classified 
non-target stimuli which directly preceded correctly detected (solid lines) or 
missed targets (dashed lines) in the following trial. (b) Shows the maps of the 
P300 at the time of the potentials highest peak separately for the groups and 
according to the correctness of the following target trial. The greater-than and 
the equal signs indicate the major amplitude differences between conditions 
and groups.
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Figure 4 | correlation between the P300 amplitude (cP4 electrode) to non-targets before correctly detected targets with the inverse efficiency to targets 
in the 2-back task separately for the middle-aged (left) and young group (right).
Figure 5 | sLoreTa contrast of the P300 for young vs. middle-aged 
participants in non-target trials directly preceding correctly classified 
target stimuli as overlay on a reference brain. The red to yellow color 
represents voxels which show significantly higher activation for the young 
compared to the middle-aged group. For reasons of visualization, the upper 
panel shows sectional planes at (x; y; z) = (−6; 19; −19) and the lower panel 
shows sectional planes at (x; y; z) = (2; −30; 44). The main brain areas are 
labeled by arrows.
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Table 2 | summary of the sLoreTa results of the P300 to non-targets which directly preceded targets in the 2-back task. 
ba Location coordinates critical 
   t-value
  X Y Z (p < 0.01)
Young vs. MiddLe-aged grouP: onLY Preceding correcT TargeTs
10 Right middle/superior frontal 29/41 42/52 28/37 3.77
11 Bilateral medial/inferior frontal −7/17 18/31 −13/−20 3.77
24 Cingulum −7/9 −17/−33 31/55 3.77
40 Right inferior parietal 30/50 −30/−53 37/61 3.77
Preceding correcT vs. Preceding Missed TargeTs: onLY Young grouP
13 Right insula 39/42 −3/−17 7/16 3.9
23/31 Posterior cingulum −6/7 −29/−45 24/29 3.9
Only significant results at p < 0.01 are reported. The Brodman areas (BA) are given in the first column.
Figure 6 | sLoreTa contrast of the P300 for the young participants 
in non-target trials directly preceding correctly classified target stimuli 
vs. missed target stimuli. The red to yellow color represents voxels which 
show higher activation for the trials preceding correctly classified targets vs. 
missed targets. For reasons of visualization, the upper panel shows 
sectional planes at (x; y; z) = (1; −36; 24) and the lower panel shows 
sectional planes at (x; y; z) = (37; −21; 16). The main brain areas are 
labeled by arrows.
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Crucially, the P300 in the 2-back task showed characteristic 
 topographical differences between the age groups: in the target con-
dition, both groups showed a pronounced P300 at midline and right 
electrode sites. Specific differences between P300 lateralization and 
group were, however, found in the non-target condition. Here, the 
young group also showed the midline and right pronounced P300 
topography whereas for the middle-aged participants the P300 was 
only pronounced at the midline. This difference is surprising as in 
the present 2-back task, the same sub-processes of working memory 
are likely to be involved during the processing of target and of 
non-target stimuli: each letter/stimulus has to be compared with 
the last but one letter, the content of working memory has to be 
renewed and the new order has to be encoded and stored until the 
next stimulus will appear (retrieval, monitoring, updating, storage). 
Finally, the correct response has to be selected. Therefore, if the 
P300 may be a reflection of the relevant processes, one may expect 
to a certain degree comparable topographies between the two trial 
types. The general amplitude differences may be explainable by the 
difference in probability of occurrence of the infrequent targets and 
the frequent non-targets or alternatively may be interpreted as an 
index of recognition of a critical and behaviorally relevant event. 
The lack of a midline-right pronounced P300 in the non-target con-
dition only for the middle-aged but not for the young participants 
may reflect less efficient sub-processes like short-term storage and 
retrieval which are supported by parietal brain areas (Marshuetz 
et al., 2006) and/or of the processes which are supported by the 
frontal lobe (Fletcher and Henson, 2001; Smith et al., 1998). The 
right lateralized age-related amplitude attenuation was rather gen-
eral and not confined to the frontal or the parietal sub-component 
of the P300. The mere consideration of the topographical differ-
ences is, in fact, not very informative about the functional processes 
which may be different in young and middle-aged participants in 
the non-target condition. Therefore, the confined analysis of the 
P300 amplitude in non-target trials directly preceding target tri-
als in combination with a source analysis of expected differences 
may provide additional evidence about the functional meaning of 
the P300 to non-targets in the 2-back task. The confined analysis 
revealed two important things: (a) The P300 to non-targets pre-
ceding correct targets is significantly attenuated in middle-aged 
vs. young participants at right lateralized electrodes. (b) The P300 
to non-targets is higher before correct targets vs. missed targets 
only in the young group. This difference was not observed for the 
middle-aged group.
Interpreting the former result (a), it seems that the increased 
P300 preceding a correctly detected target indicates a higher acti-
vation level of brain areas which support working memory func-
tioning and enhance the probability to detect efficiently the target 
stimulus in the following trial. This interpretation was underlined 
by the significant correlation of the P300 and the IE: the higher the 
amplitude of the P300 at right lateralized electrodes in non-target 
trials directly before correctly detected targets, the better the gen-
eral task performance. This correlation did not only emerge in the 
young but also in the middle-aged group. The group difference of 
the P300 was further analyzed by sLORETA. This analysis suggests 
that the young vs. middle-aged group showed higher activation 
in bilateral medial and right inferior, middle, and superior fron-
tal brain areas as well as in right inferior parietal brain areas in 
lower error rates in the middle-aged group and the reversed pattern 
in the young group. Hence in sum there is no performance deficit 
of the middle-aged group in the easy task. In contrast, a general 
performance decline was clearly evident for the middle-aged vs. 
young group in the 2-back task, i.e., under high working memory 
load. This is in line with other studies which also showed working 
memory decline with increasing age (Li et al., 2001; Missonnier 
et al., 2004; Gazzaley et al., 2005; Schmiedek et al., 2009). The 
present results extend these studies by showing that a decline in 
performance can be observed already in middle-aged participants 
in the fifth decade of age under high, but not under low, working 
memory load.
neurophysiology of age-related Working memory 
differences
Analysis of the P300 revealed further insights into the neural 
underpinnings of the observed age-related decline. In both tasks 
the parietally pronounced P3b was generally increased to targets 
than to non-targets. This may be expected because the P3b reflects 
generally the allocation of processing resources to potentially rel-
evant stimuli (Polich, 2007), that is, the target stimuli in both of 
the present tasks. Because in the two presented tasks the non-
target stimuli were also relevant for responding, another factor 
may have additionally contributed to the increased P300 for tar-
gets vs. non-targets. Especially the frontal sub-component of the 
potential (P3a) was found to be increased in amplitude to less 
frequent (like targets in the present study) as compared to frequent 
stimuli (Sutton et al., 1965; Polich, 2007). It is likely that both of 
these factors (relevance and frequency) may have contributed to 
the increased P300 amplitude to target vs. non-target stimuli but 
can not be disentangled (Pritchard, 1981). In addition, as task 
relevance of a stimulus rather influences the P3b and infrequency 
or deviance the P3a (see e.g., Polich, 2007), this may have led to 
more comparable sagittal topographies of the P300 in the target 
and non-target trials.
More important for the aim of the study were the P300 dif-
ferences between the age groups: in both tasks an age-related 
reduction of the P3b was evident for the target condition at centro-
parietal and parietal electrode sites. Such an age-related decline 
of the P3b amplitude during task-relevant processing is well in 
line with many earlier studies using various paradigms (Friedman 
et al., 1993). However, the P3b in the easy two-choice task was not 
generally smaller in amplitude in the middle-aged compared to 
the young participants because amplitudes were comparable in 
the non-target condition. In addition, the age-related amplitude 
reduction of the P300 to targets in the 2-back task, i.e., under 
high working memory load, was not confined to the P3b. An age-
related amplitude reduction was also evident at fronto-central 
sites and suggests that also working memory sub-processes may 
be affected which are reflected by the frontal P3a. This may dismiss 
the hypothesis of higher compensatory activation in our middle-
aged group under high working memory load which could be 
inferred by other studies (e.g., Reuter-Lorenz et al., 2001). Taken 
together, the pronounced age-related decrease in P300 amplitude 
under high as compared to low working memory load goes hand in 
hand with the lower performance of the middle-aged participants 
especially in the 2-back task.
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and Laureys, 2005). Assuming, that the higher activation of the poste-
rior cingulum in non-target trials preceding correct targets is related 
to the default mode network, it is possible that successful matching 
and manipulation of information in working memory may signal 
lower cognitive load, and thus, leading to higher activation of the 
default mode network. In contrast, if, in case of lapses, the processes of 
matching and manipulation are unsuccessful, this may signal higher 
cognitive load and the need to be attentive, thus, lowering the acti-
vation of the default mode network (see also Esposito et al., 2009). 
Accordingly, Menon and Uddin (2010) proposed a model of insula 
function which connects the insula to the detection of salient events 
and the facilitated access of such stimuli to attention and working 
memory resources. In return, lapses of performance in young par-
ticipants which may provoke the missing of upcoming targets were 
paralleled by lower activation of these brain areas.
summary and conclusion
In summary, the performance of the middle-aged vs. young par-
ticipants was characterized by a general decline of performance 
under high working memory load. The electrophysiological data 
suggest that both, processes which are supported by the frontal 
lobe and by parietal brain areas are compromised by increasing 
age, which may explain the age-related reduction of performance 
in the 2-back task. In contrast, the young participants were able to 
flexibly tune the relevant processes for task accomplishment under 
high working memory load. Lapses of performance in the young 
group were paralleled by lower activation of brain areas which 
support attentional switching (Menon and Uddin, 2010) and con-
sciousness (Vogt and Laureys, 2005). In contrast, the middle-aged 
group showed the same neuronal pattern regardless of whether a 
subsequent target will be detected or misses. The stable memory 
trace in the young compared to the middle-aged participants was 
reflected by a specific activation enhancement in brain areas which 
orchestrate maintenance, update, storage, and retrieval of informa-
tion in working memory even before the critical event occurred.
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 non-target trials preceding correctly classified targets. Because the 
sLORETA analysis is based on the ERPs with limited spatial reso-
lution, the results may be interpreted with caution. Nevertheless, 
they fit well with the results of other studies which are based on 
functional neuroimaging, pointing to ventrolateral and dorsolateral 
frontal brain areas and the inferior parietal gyrus as being impor-
tant for working memory functioning (e.g., Fletcher and Henson, 
2001; Marshuetz et al., 2006) and which may mediate an age-related 
decline in working memory performance (e.g., Mitchell et al., 2000; 
Jennings et al., 2006; Mattay et al., 2006; Nyberg et al., 2009).
Therefore, we propose that sub-processes of working memory 
which are supported by the ventro-lateral frontal cortex (main-
tenance and rehearsal of information: e.g., Fletcher and Henson, 
2001), by the dorsolateral frontal cortex (manipulation of informa-
tion: e.g., Smith et al., 1998; Fletcher and Henson, 2001) and by pari-
etal brain areas (short-term storage and retrieval: e.g., Marshuetz 
et al., 2006; Chatham et al., 2011) may be compromised in our 
middle-aged compared to the young group (e.g., Mitchell et al., 
2000; Jennings et al., 2006; Mattay et al., 2006; Nyberg et al., 2009).
Because the present paradigm did not include irrelevant stimuli, 
our results do not allow to infer that an age-related deficit in filtering 
or suppressing of irrelevant information does also contribute to 
the age-related performance decline under high working memory 
load (see e.g., Gazzaley et al., 2005). Further studies may include 
irrelevant stimuli or stimulus dimensions within the n-back para-
digm in order to examine also this alternative which may not be 
exclusive but rather complementary in order to explain age-related 
deficits in working memory.
The latter finding (b) suggests that the P300 has a predictive 
value for the ongoing action especially in the young participants. 
In other words, a higher amplitude of the P300 indicates an effi-
cient maintenance of the relevant information, whereas a smaller 
amplitude indicates a loss of information. The difference in the 
middle-aged participants was attenuated which may reflect increas-
ing fragility of the matching process. The notion of a predictive 
value of the P300 regarding performance is also supported by a 
reliable correlation between the P300 amplitude and IE as an inte-
grative index of overall performance.
The increased amplitude of the P300 in non-target trials preced-
ing correctly classified vs. missed targets in the young group may be 
explained by higher activation in the right insula and in the poste-
rior cingulum. Although the posterior cingulum has been discussed 
with the default mode network during resting (van den Heuvel et al., 
2008), it has been also connected to consciousness in general (Vogt 
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